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We report temperature-dependent polarized optical conductivity [<r(w)] spectra of CeFe2Alio, 
which is a reference material for CeRusAlio and CeOs2Alio with an anomalous magnetic tran- 
sition at 28 K. The ct(oj) spectrum along the 6-axis differs greatly from that in the oc-plane, 
indicating that this material has an anisotropic electronic structure. At low temperatures, in 
all axes, a shoulder structure due to the optical transition across the hybridization gap between 
the conduction band and the localized 4/ states, namely c-f hybridization, appears at 55 meV. 
However, the gap opening temperature and the temperature of appearance of the quasiparti- 
cle Drude weight are strongly anisotropic indicating the anisotropic Kondo temperature. The 
strong anisotropic nature in both electronic structure and Kondo temperature is considered to 
be relevant the anomalous magnetic phase transition in CePU^Alio and CeOs2Alio. 
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Recently, intricately crystallized compounds, such as 
those that form caged structures and triangular lattice, 
have attracted attention because of the novel physical 
properties that these structures can generate. One of 
these compounds is .RM2AI10 (R = rare earth, M — 
Fe, Ru, Os). .RM2AI10 has an orthorhombic YbFe2 Allo- 
type crystal structure (Cmcm, Z = 4), in which a tri- 
angular lattice of i?-atoms is formed in the frc-plane, a 
square lattice in the ac-plane, and a hexagonal structure 
in the aft-plane. 1 ^ Among these compounds, CeRu2Alio 
and CeOs2Alio have anomalous second-order antifcr- 
romagnetic phase transitions, with insulator-metal and 
insulator-insulator transitions, respectively, at 28 K 
(Tn). 2 ~ 9 ) Because of the long distance between Cc- 
ions (> 5 A), the phase transition is considered to be 
driven by other mechanism than the Ruderman-Kittel- 
Kasuya-Yoshida (RKKY) interaction, which gives rise 
to magnetic transitions in conventional rare-earth com- 
pounds. 10 ^ Our recent study of CeOs2Alio, in which we 
used optical conductivity [c(w)] spectra, revealed that an 
energy gap due to a charge instability, as well as a charge 
density wave (CDW), appears along the &-axis (E/ /b). 
Along the a-axis (E/ /a) and c-axis (Ej /c), a hybridiza- 
tion gap, namely c-f hybridization gap, opens between 
the conduction bands and nearly local 4/ states, in the 
same way as in heavy fcrmion compounds and Kondo 
semiconductors. The CDW energy gap in E//b that 
appears at about 39 K grows with decreasing temper- 
ature, and it opens fully below To. Observations have 
revealed that the change in electronic structure induces 
magnetic transition at Tq. However, questions such as 
why CDW transition occurs only in Ej /b, the nature of 
the mechanism of the antifcrromagnctic transition is re- 
lated to CDW. and the nature of the interaction in CDW 



* E-mail address: kimura^ 



"ims.ac.jp 



transition remain unanswered. Then, we focus on a refer- 
ence compound, CeFe2Alio, that has no phase transition. 
It is therefore important to clarify the electronic struc- 
ture of CeFe2Alio to explore the origin of the anomalous 
phase transitions in CcRu^Alio and CCOS2AI10. 

CeFe2Alio shows a Kondo effect in the electrical re- 
sistivity at high temperature and has a semiconducting 
behavior at low temperature. 12 -* Rs physical properties 
are similar to those of other Kondo semiconductors such 
as CeRhAs and CeRhSb. 13 ' The electrical resistivity of 
CeFe2Alio resembles that of CcRu 2 Alio at a pressure 
of 4 GPa and that of CcOs 2 Ali at 2 GPa. 3 ) Therefore, 
CcFe2Alio is a reference material at the higher hybridiza- 
tion intensities of CcRu^Alio and CCOS2AI10. 

To clarify the electronic structure of CeFe2Alio, 
temperature-dependent polarized <j(uj) spectra were 
measured along all principal axes. The anisotropic elec- 
tronic structure, as well as the anisotropic c-f hybridiza- 
tion intensity, is discussed in this Letter. It is found that 
the overall c(w) spectra of Ej ja and Ej ' jc are found to 
be the same as each other, but, in contrast, the spec- 
trum in E/jb is very different, i.e., the electronic struc- 
ture along the 6-axis is different from that in the ac- 
plane. Shoulder structure due to the optical transition 
across a c-f hybridization band commonly appears at 
huj = 55 meV in all axes, but both the gap opening 
temperature and the temperature of generation of the 
quasiparticle state at the Fermi level (Ep) decrease in 
the order of the b, a, and c-axes, suggesting that the 
Kondo temperature (Ik) is anisotropic. These results im- 
ply that the anomalous phase transitions in CeRu2Alio 
and CeOs2Alio are related to the combination of the 
one-dimensional electronic structure along the 6-axis and 
anisotropic Tk. 

Near-normal incident polarized optical reflectivity 
[-R(w)] spectra were acquired in a very wide photon- 
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Fig. 1. (Color online) The temperature-dependent polarized re- 
flectivity [R(ui)] spectra of CcFe2Alio along the a-axis (E//a), 
6-axis (E//b), and c-axis (E//c). The temperature-dependent 
electrical resistivity (p) along all principal axes are plotted in 
the inset. The vertical arrows indicate the temperatures of the 
resistivity peaks in all axes. 



energy region of 2 meV - 30 eV to ensure an accu- 
rate Kramers-Kronig analysis (KKA). Single-crystalline 
CCFC2AI10 was synthesized by the Al-flux method 5 ^ and 
was well-polished using 0.3 /im grain-size AI2O3 lapping 
film sheets for the R(uj) measurements. Martin-Puplctt 
and Michclson type rapid-scan Fourier spectrometers 
(JASCO Co. Ltd., FARIS-1 and FTIR610) were used at 
photon energies Huj of 2 - 30 meV and 5 meV - 1.5 eV, 
respectively, with a specially designed feed-back position- 
ing system to maintain the overall uncertainty level less 
than ±0.3 % at sample temperatures T in the range 
of 10 - 300 K. 14) To obtain the absolute R(u) values, 
the samples were coated in-situ with gold and then used 
for measuring the reference spectrum. At T = 300 K, 
R(uj) was measured for energies 1.2-30 eV by using syn- 
chrotron radiation. 15 ^ In order to obtain <j(oj) via KKA 
of i?(w), the spectra were extrapolated below 2 meV with 
a Hagen-Rubens function, and above 30 eV with a free- 
electron approximation R(u>) oc w~ 4 . 16 ) Electrical resis- 
tivity measurements were performed by a conventional 
ac four-probe method at a frequency of 19 Hz. 

The polarized R(oj) spectra along three principal axes 
are shown in Fig. 1. The R(u>) at 300 K monotonically 
decreases with elevating photon energy up to 1 eV, which 
reflects the conduction band of Al expands to about 
10 eV below E-p according to the band calculation. 17 ) In 
all polarized spectra, there are the characteristic double- 
peak structures in the energy range of 200-500 meV, 
which originates from the transition from the occupied 
electronic state at E-p to the unoccupied Ce 4/ state 
with spin-orbit splitting. 1S ) The presence of this feature 
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Fig. 2. (Color online) Temperature-dependent polarized optical 
conductivity [<t(lj)] spectra of CeFe2Alio in the photon energy 
region of 2-600 meV. The Drude weight below 50 meV at 300 K 
is suppressed and is shifted to the wide energy region above the 
c-f hybridization energy gap at 55 meV with decreasing temper- 
ature. 



indicates the stronger c-f hybridization intensity than 
in CeRu2Ali and CeOs2Ali because the double-peak 
structure is not clear in these compounds. 11, 17 ) 

Focusing on the spectra below 100 meV reveals that 
there are some sharp peaks in all axes in the energy 
range of 10-40 meV due to optical phonons. In compar- 
ison with the cr(w) spectra of CeOs2Alio, n ) these peaks 
are located at the slightly higher energy side, indicat- 
ing that the phonons originate from Fe ions, and the 
peaks are sharper, indicating that the carrier density is 
smaller. Apart from these peaks, the R(uj) spectra for 
all principal axes are Drude-like metallic spectra that in- 
crease to unity with decreasing photon energy. Because 
the Drude-like spectral shape does not disappear even at 
lower temperatures, the metallic character is intrinsic. 
Below 130 K, the intensity between 5 and 100 meV 
rapidly decreases with decreasing temperature. This in- 
dicates the opening of a c-f hybridization gap. 

The temperature-dependent a(w) spectra derived from 
KKA of the R{u>) spectra in Fig. 1 are shown in Fig. 2. 
The cr(w) spectra for all principal axes at 300 K monoton- 
ically increase with decreasing photon energy and flat- 
ten below 20 meV, again indicating a metallic character. 
Commonly, on all principal axes, with decreasing tem- 
perature the u{uj) intensity below 50 meV decreases and 
a shoulder structure at 55 meV gradually evolves be- 
low 130 K. The Drude weight at 300 K observed be- 
low 50 meV is shifted to the wide energy region above 
the energy gap at lower temperatures, indicating that 
a c-f hybridization gap forms in a similar way as in 
other heavy fermion compounds and Kondo semiconduc- 
tors. 19 ~ 22) Even at 10 K, the Drude weight remains below 
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Fig. 3. (Color online) (a) Low-energy portion of a(ui) spectra below hui =80 meV in all principal axes. One example of a Drude fitting 
curve for the <t(uj) spectrum at 80 K in E//b is also plotted (dot-dashed line). ftw\ and ftw2 are typical photon energies below and at 
the energy gap, respectively. The inset of E/ /b shows the enlargement near the shoulder at 55 meV. (b) Temperature dependences of 
the scattering rate (1/t, solid circles) by Drude fitting and of the intensity ratio of <r(u)\)/ 0(1*12) (open squares). The cross-hatchings 
indicate evaluated critical temperatures (T op t) along the three principal axes. 



10 meV, indicating the finite density of states at Ep. 

So far, the electronic structure of CeFe2Ali has been 
discussed by two groups. One was by Chen and Lue, 
who used a 27 Al-nuclear magnetic resonance (NMR) ex- 
periment, 23 ) and the other was Kawamura et al., who 
used a 27 Al-nuclear quadrupole resonance (NQR) exper- 
iment. 24 ' Both groups have proposed a symmetric den- 
sity of states at Ep with the band width of 140 ± 40 K 
(= 11 ± 3 meV) and with the energy gap of 125 ± 15 K 
(= 10±2 meV). Then a peak at 21±5 meV is expected to 
appear in a(oj) spectra. Our a(oj) spectra have a shoul- 
der structure due to the c-f hybridization gap at 55 meV, 
but no peak appears at around 21 meV. The shoulder of 
55 meV is much higher energy than 21 ± 5 meV expected 
by NQR and NMR. The inconsistency between our a(ui) 
spectra and NMR/NQR may indicate that the sizes of 
the indirect and direct energy gap are 10-21 meV and 
55 meV, respectively 

The Drude spectral shape remains even at 10 K. How- 
ever, the ct(u>) intensity at the lowest accessible pho- 
ton energy of 2 meV decreases to the half on cool- 
ing from 300 K to 10 K. The temperature-dependent 
<j((jj) intensity at 2 meV is consistent with the semi- 
conducting electrical resistivity. The temperature depen- 
dence of the residual Drude weight is common to heavy- 
quasiparticles, whose scattering rate declines with de- 
creasing temperature. 25 ~ 27 ) 

Next, the anisotropic formation processes of the c-f 
hybridization gap and quasiparticle state are discussed. 
Figure 3(a) indicates the temperature dependence of 
the low-energy portion of the <j(oj) spectrum along all 
principal axes. The shoulder structures due to the c-f 
hybridization gap commonly appear at 55 meV (^2)- 



Although the gap size is similar to those of YbAl3 
(T K -670 K) and YbCu 2 Si 2 (-40 K), 28 ) the gap size 
is not proportional to Tj<. The gap size is roughly pro- 
portional to the c-f hybridization intensity V , and Tk oc 
W c exp[-l/V 2 D(Ep)], where W c is the conduction band 
width and D(Ep) is the density of states at Ep. 29 ^ There- 
fore the different Tk implies different electronic struc- 
ture. We found a clear difference in the temperature de- 
pendence of the gap formation along the three axes. The 
shoulder structure becomes visible between 130 and 80 K 
in E//a, between 80 and 40 K in E//b, and between 300 
and 200 K in E//c (Fig. 3a). Such anisotropic behav- 
ior has not been observed by previous optical studies 
of heavy fermion compounds, because few polarization 
measurements have been performed. 

To clarify the details of the temperature dependence 
of the c(w) spectra, the value [a (to i)/ a (to 2)] of the cr(ui) 
intensity at 33 meV (Hu>i) below the shoulder divided 
by that on the shoulder at Hu>2, and the scattering 
rate (1/t) derived from a fitting of the Drude formula 
), where r is the relaxation time] 
are plotted as a function of temperature (Fig. 3b). The 
curve of <j(uji) / a(uj2) is very similar to that of the loga- 
rithmic 1/t on each axis. This means that the tempera- 
ture dependence of 1/t is governed by c-f hybridization 
gap formation, i.e., quasiparticles due to the hybridiza- 
tion grow up on cooling. These values commonly flatten 
below 80 K in E//a, below 50 K in E//b, and below 
150 K in E//c, as indicated by T opt in the figure. T opt is 
similar to the temperature of the electric resistivity peak 
in the inset of Fig. 1, i.e., 45, 35, and 110 K in I / /a, 
I//b, and I / / c, respectively Because of the Kondo-likc 
behaviors in the resistivity above the temperatures, the 
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Fig. 4. (Color online) Temperature-dependent effective carrier 
density (N e ff) evaluated from the Drude fitting of the optical 
conductivity spectra in all principal axes. 

peaks originate from the Kondo effect. Therefore T opt is 
also related to Tk ■ This result is consistent with our pre- 
vious optical studies of heavy fermion compounds. 25 ~ 27 ) 
Therefore, the anisotropic T opt implies that Tk is also 
anisotropic. 

The similar anisotropic Tk has been discussed in or- 
thorhombic CcNiSn and CcRhAs, in which no mag- 
netic phase transition takes place. 13 - 1 In CCOS2AI10 and 
CCRU2AI10, however, an anomalous antiferromagnctic 
transition appears due to a charge instability as well as 
CDW along the &-axis. Along the &-axis, the electronic 
structure is one-dimensional and the Tk is lower than 
that in the ac-plane. This is expected from the crystal 
structure because the Ce and Fe ions are connected in the 
ac-plane. 5 ' The CDW transition is considered to emerge 
due to the combination of the one-dimensional electronic 
structure as well as the anisotropic Tk- 

Finally, the origin of the semiconducting electrical re- 
sistivity in CcFc 2 Alio is discussed. The R(uj) as well 
as the cr(oj) spectra shown in Figs. 1 and 2 do not 
commonly indicate semiconducting, but metallic ground 
state. At low temperature, a small Drude weight from 
the quasiparticle state is observed, but the intensity is 
not large. The Drude fitting of the leads to the 

temperature-dependent effective carrier density [N e f / = 
(a dc • m o)/( T • e 2 ), where mo is the free electron mass 
and e is the elementary charge]. As shown in Fig. 4, 
N e ff decreases by more than one order of magnitude 
from 300 to 10 K in all axes, although the electrical 
resistivity increases only a few times. 12 - ) According to 
N e f f = N$ ■ too l m * j where Nq is an actual carrier den- 
sity and m* is the effective mass of carriers, the semicon- 
ducting electrical resistivity is due to either the decrease 
of Nq or the increase of m* . Since the electronic specific 
heat coefficient 7 is 14 mJ/(mol-K 2 ), which is smaller 
than that of the non-magnetic reference LaFe2Alio, to* 
should not be largely enhanced at low temperature. 12 ) 
Therefore, the semiconducting character is attributed to 
the low carrier density at low temperature. This implies 
that a degenerate semiconducting or semi-metallic elec- 



tronic structure with a quasiparticle state with low scat- 
tering rate is realized in CeFc2Alio- This result is consis- 
tent with the Korringa relation in the NQR data below 
20 K. 24 ) 

In conclusion, temperature-dependent polarized opti- 
cal conductivity [ct(w)] spectra of CeFe2Ali along all 
principal axes were measured to resolve the anisotropic 
electronic structure. The shoulder of a c-f hybridization 
gap of 55 meV is commonly observed along the three 
axes, but the electronic structure along the &-axis is very 
different from the electronic structure in the ac-planc. 
The observed Kondo temperature is strongly anisotropic, 
that along the 6-axis is the lowest. The density of states 
at the Fermi level decreases on cooling, but a quasiparti- 
cle state with low scattering rate remains even at 10 K. 
The observed anisotropics in the electronic structure and 
in the Kondo temperature are considered to be related 
to the anomalous antiferromagnctic phase transition of 
CeOs2Alio and CcRu2Ali . 
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